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Structure of cyanase reveals that a novel dimeric and decameric
arrangement of subunits is required for formation of the enzyme
active site
Martin A Walsh1†, Zbyszek Otwinowski2, Anatassis Perrakis3,
Paul M Anderson4 and Andrzej Joachimiak1,5*
Background: Cyanase is an enzyme found in bacteria and plants that catalyzes
the reaction of cyanate with bicarbonate to produce ammonia and carbon
dioxide. In Escherichia coli, cyanase is induced from the cyn operon in
response to extracellular cyanate. The enzyme is functionally active as a
homodecamer of 17 kDa subunits, and displays half-site binding of substrates
or substrate analogs. The enzyme shows no significant amino acid sequence
homology with other proteins.
Results: We have determined the crystal structure of cyanase at 1.65 Å
resolution using the multiwavelength anomalous diffraction (MAD) method.
Cyanase crystals are triclinic and contain one homodecamer in the asymmetric
unit. Selenomethionine-labeled protein offers 40 selenium atoms for use in
phasing. Structures of cyanase with bound chloride or oxalate anions, inhibitors
of the enzyme, allowed identification of the active site.
Conclusions: The cyanase monomer is composed of two domains. The
N-terminal domain shows structural similarity to the DNA-binding α-helix
bundle motif. The C-terminal domain has an ‘open fold’ with no structural
homology to other proteins. The subunits of cyanase are arranged in a novel
manner both at the dimer and decamer level. The dimer structure reveals the
C-terminal domains to be intertwined, and the decamer is formed by a
pentamer of these dimers. The active site of the enzyme is located between
dimers and is comprised of residues from four adjacent subunits of the
homodecamer. The structural data allow a conceivable reaction mechanism to
be proposed. 
Introduction
Cyanase (EC 4.3.99.1) in Escherichia coli is an inducible
enzyme (from the cyn operon) that catalyzes the reaction
between cyanate and bicarbonate [1–6]:
NCO– + 3H+ + HCO3–→NH4+ + 2CO2
The gene for cyanase has been cloned, sequenced and
over-expressed, and the protein purified [4,7,8].
Although cyanate at high concentrations can be fairly toxic
to E. coli, cyanate can serve as the sole source of nitrogen
for growth of E. coli as a result of cyanase-catalyzed decom-
position to ammonia [7,9,10]. This is probably the major
function of cyanase in E. coli, rather than the detoxification
of cyanate [11]. It has also been suggested that cyanate
originating from carbamoyl phosphate in E. coli might have
a regulatory role as a ‘by-product’ inhibitor of carbamoyl
phosphate synthetase and that cyanase functions as a mod-
ulator of this effect [16,12]. Cyanate can occur naturally in
some tissues as the result of nonenzymatic decomposition
of carbamoyl phosphate [13], and also in the environment
as a result of the dissociation of urea and photo-oxidation
of cyanide [14]. The toxicity of cyanate probably arises
from its reactivity with nucleophilic groups in proteins
[15,16], perhaps in competition with bicarbonate/CO2 [11],
although in contrast with bicarbonate the reaction of
cyanate with amino groups is irreversible. 
An inducible cyanase activity is present in many, but not
all, species of bacteria [3,6,17–21]. A constitutive cyanase
activity, similar to that of the E. coli enzyme, has been
also reported in the cyanobacteria Synechococcus
UTEX625, where the function may be related to provid-
ing CO2 from bicarbonate and cyanate for photosynthesis
[22], and Synechocystis PCC6803 [23,24]. Cyanase activity
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has been reported in some plant extracts [25,26] and the
gene for cyanase has been identified in at least one plant
species [27]. 
The E. coli enzyme is the only cyanase that has been char-
acterized in detail [4,5,28–35]. Isotope labeling studies
have shown that the catalytic mechanism involves nucle-
ophilic attack of bicarbonate on cyanate to give an anhy-
dride transition-state intermediate, which decarboxylates
to CO2 and carbamate [5]; carbamate then decarboxylates
nonenzymatically [4]. The reaction takes place via a rapid
equilibrium random kinetic mechanism with competitive
substrate inhibition by both substrates [29]. Azide and
chloride are competitive inhibitors with respect to cyanate.
Oxalate and malonate, putative analogs of the proposed
intermediate, are potent ‘slow-binding’ inhibitors [29]. 
The main goals of this study were twofold. Firstly, there is
no biochemical or genetic evidence available to identify
the active-site residues of the enzyme; structural informa-
tion could provide this data. Secondly, the amino acid
sequence of cyanase shows no significant similarity to any
other protein currently deposited in the Protein Data
Bank (PDB), therefore, the possibility of a unique fold
was conceivable. Here, we describe the structure of E. coli
cyanase determined to 1.65 Å resolution. The structure of
the cyanase monomer (subunit) consists of two domains:
the N-terminal domain forms a five-helix bundle and the
C-terminal domain shows an unusual open fold that serves
as a dimerization motif. The dimerization domain presents
a novel fold composed of a four-stranded antiparallel 
β sheet flanked by two α helices. The dimers are assem-
bled into a decamer, with 5/2 symmetry, to form the active
enzyme. Unexpectedly, the crystal structure revealed the
active site of the enzyme to be located between pairs of
dimers and to be composed of residues from four adjacent
subunits of the decamer.
Results and discussion
MAD structure determination
Past attempts at solving the crystal structure of cyanase
were hampered by the crystal symmetry and the failure
to obtain good heavy-atom derivatives. However, a
mercury derivative (HgCl2) confirmed the presence of a
decamer in the asymmetric unit [35]. Unfortunately, the
mercury sites were poorly occupied and provided no
useful phase information. 
Multiwavelength anomalous dispersion (MAD) phasing is
now widely used to determine increasingly larger protein
structures [36,37]. The advent of third-generation syn-
chrotron sources and fast-readout charge-coupled device
(CCD) detectors has allowed large amounts of data to be
collected in a very short time [38,39]. Furthermore, a
number of new programs [40–43] have significantly
improved the success rate for finding large numbers of
anomalous scatterers automatically. This made the struc-
ture determination of cyanase (170 kDa per asymmetric
unit and 40 potential selenium sites) using the MAD
method a feasible option. The substructure of the sele-
nium atoms was elucidated successfully using the Patter-
son-based approach [40,44] and direct methods [43], as
described in the Materials and methods section. These
sites were refined [45,46] and produced a fully inter-
pretable electron-density map. 
Figure 1a shows a section of the experimental map calcu-
lated from MAD phases based on 30 selenium atom sites
to 2.4 Å resolution. These phases were then extended to
1.65 Å resolution together with solvent flattening [47] and
used in the autochain-tracing and model-building module
of ARP/wARP [48] (see the Materials and methods
section). This procedure resulted in the complete auto-
matic tracing of the polypeptide backbone of all ten sub-
units of the cyanase homodecamer (noncrystallographic
symmetry [NCS] was not employed), as well as the posi-
tioning of over 70% of the amino acid sidechains. The
high quality of the electron-density maps (Figure 1b)
clearly revealed the positions of the remaining amino acids
of the model. Subsequent refinement of the structure [49]
was straightforward. The refined coordinates of the
selenomethionine (SeMet)-labeled cyanase were used as a
starting model for the analysis and refinement of the
enzyme in complex with the dianion oxalate. The final
crystallographic R factor for the SeMet-labeled protein is
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Figure 1
The quality of the electron density. Section of the electron-density map
of cyanase calculated (a) using phases based on 30 selenium sites and
(b) after density modification and phase extension to 1.65 Å resolution
(see Materials and methods section for details). Atoms are shown in
standard colors. (The figure was generated with Bobscript [61].)
Structure
(a) (b)
15.0% with an Rfree of 18.9%; this structure has two chlo-
ride ions bound at the active site. The R factor for the
enzyme in complex with oxalate is 13.9%, with an Rfree of
17.8%. A summary of the MAD phasing and refinement
statistics is given in Tables 1 and 2.
Structure and architecture  
Preliminary studies of cyanase revealed a homodecamer
with 5/2 symmetry [35]. The cyanase monomer (or
subunit) consists of two domains (Figure 2). The N-termi-
nal domain (residues 1–80) forms a five-helix bundle with
structural homology to a common DNA-binding motif
found in a number of bacterial transcription regulatory
proteins [50]. The program CATH [51] revealed close
structural homology between this domain and several five-
helix bundle motifs present in the PDB [52]. The closest
match is to the N-terminal domain of the 434 repressor
(25.4% identity over 59 residues, root mean square [rms]
deviation of 2.0 Å; PDB 1r69, CATH 1.20.120.90.3.1.1). 
The C-terminal domain (residues 91–156) consists of a
two-stranded antiparallel β sheet and a single α helix of
seven turns consisting of 26 amino acids. This α helix is
bent in the middle by approximately 40°, giving rise to
two subhelices disjoined at Val103. The monomer struc-
ture is not compact: a large cavity of approximately 12 Å
diameter is formed in-between the N- and C-terminal
domains. The cyanase monomer has not been observed in
solution and in light of its open structure is almost cer-
tainly structurally unstable. 
The cyanase dimer consists of the two C-terminal
domains of the subunit monomers interlocking in a ‘hook-
like’ manner by means of the two-stranded β sheet and
bent α helix (Figure 2). The β-strand ‘finger’ of each
monomer in the dimer extends into the approximately
12 Å cavity formed by the respective monomer subunits.
The intertwining of the C-terminal domains forms a dimer
interface domain, consisting of a four-stranded antiparallel
β sheet and two α helices the 40° bend of which allows the
tight interlocking of the two monomers. This structural
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Table 1
Crystallographic data reduction and phasing statistics.
Crystal* Resolution No. of No. of unique Rmerge† I/σI Completeness Phasing Anomalous
(Å) observations reflections (%) power‡ Rcullis§
CynSeMet (1.0332 Å) 20–1.65 524,489 187,107 3.9 (19.8) 26.4 (3.9) 94.2 (80.6) – –
CynSeMet λ1 (1.0781 Å) 20–2.40 211,456 55,582 2.7 (4.2) 38.0 (32.0) 87.0 (42.6) 2.17 0.95
CynSeMet λ2 (0.9795 Å)# 20–2.40 242,516 63,330 4.5 (6.4) 35.2 (22.9) 97.6 (79.6) 0.0 0.65
CynSeMet λ3 (0.9793 Å) 20–2.40 209,172 63,118 5.9 (7.9) 36.3 (28.3) 97.5 (80.4) 1.29 0.46
CynSeMet λ4 (0.9465 Å) 20–2.40 242,869 62,595 2.3 (2.9) 26.3 (24.1) 96.7 (97.7) 1.42 0.61
CynSeMet-Oxl (1.0332 Å) 20–1.65 436,555 190,231 4.7 (17.1) 21.5 (4.3) 95.4 (79.4) – –
*CynSeMet, selenomethionine-labeled cyanase (unit-cell parameters
a = 76.3 Å, b = 81.0 Å, c = 82.3 Å, α = 70.3°, β = 72.2°, γ = 66.4°).
CynSeMet-Oxl, CynSeMet soaked with sodium oxalate (unit-cell
parameters a = 76.3 Å, b = 80.9 Å, c = 82.1 Å, α = 70.1°, β = 71.9°,
γ = 66.4°; see text). λ1, low-energy remote data set; λ2, inflection point
data set; λ3, peak data set: λ4, high-energy remote data set. The
wavelengths used to collect these data are shown in parentheses.
†Rmerge =Σhkl Σi = lN |〈Ihkl〉 — Iihkl| /Σhkl Σi = lN Iihkl. 
‡Phasing power = <Fh>/<LOC>, where <Fh> and <LOC> are the root
mean square heavy-atom structure factor and lack of closure,
respectively. §Rcullis = Σ ||Fph(obs) ± |Fp (obs)|| – |Fh(calc)|/
Σ ||Fph (obs)| ± |Fp (obs)||, where Fph, Fp and Fh are the structure-factor
amplitudes for the heavy-atom derivative, the native protein, and the
heavy-atom contribution, respectively. #The λ2 data were taken as the
reference data set for phase refinement with MLPHARE [46].
Table 2
Refinement statistics. 
Crystal CynSeMet CynSeMet-Oxl
Resolution range (Å) 20–1.65 20–1.65
R factor (%) 15.0 13.9
Rfree (%) 18.9 17.8
No. of protein atoms 12,230 12,184
(including double conformations)
No. solvent atoms 1865 2464
Rms deviations from ideal geometry
bond distance (1–2) (Å) 0.018 (0.02) 0.017 (0.02)*
angle distance (1–3) (Å) 0.033 (0.04) 0.031 (0.04)
planar distance (1–4) (Å) 0.038 0.035 (0.05)
Mean B factors (Å2)
all atoms 17.9 15.9
protein atoms 15.7 13.1
water 30.4 28.6
chloride ions 15.8 –
sulfate ions 44.7 38.4
oxalate ions – 13.6
Ramachandran plot statistics
most favored regions (%) 95.1 94.6
additional allowed regions (%) 4.2 4.7
disallowed regions (%) 0.7 (Arg87) 0.7 (Arg87)
Cruickshank diffraction-
component precision index (DPI) 0.089 0.078
CynSeMet, selenomethionine-labeled cyanase; CynSeMet-Oxl,
CynSeMet soaked with oxalate. *Target values.
motif showed no significant homology to any other struc-
tures within the PDB when analyzed using the CATH
program. The formation of the dimer generates a compact
dimer surface, which resembles those of globular proteins.
A somewhat similar dimer-interlocking motif was
observed in the structure of the trp repressor (TrpR)
dimer [50]. In this case, the 68 residues of the N terminus
of the monomer also formed a large opening. This hollow
was filled by the twofold-related monomer unit, which
gave a stable dimer structure. Such a dimer arrangement
positions the α-helix bundle domains at the correct dis-
tance and in the required orientation to interact with the
major groove surface of B-DNA. There is no evidence to
date, however, that the cyanase dimer can interact with
DNA, in fact, this structural similarity may have only evo-
lutionary implications. 
The cyanase decamer is formed by assembling five
cyanase dimers into a pentamer (Figure 3). The dimers are
placed in such a way that the α helices of the N- and C-ter-
minal domains make up the cylinder walls of the decamer
structure. The antiparallel β strands of the dimerization
domain then form an equatorial belt around the outer
surface of the decamer (Figure 3). This results in a cylin-
drical decamer structure of about 80 Å in length, with an
outer diameter of approximately 70 Å. The central cavity
of the decamer, which is open at both ends and is accessi-
ble to solvent, has a diameter of approximately 11–12 Å.
The surface of the inner central channel is made up solely
of α helices and is decorated predominantly by Asp86
residues, the sidechains of which extend into the channel.
Other hydrophilic residues, namely Asp12, Asp85 and
Arg87 as well as residues Asn7, Arg8 and Asn9, contribute
to the make-up of the inner surface of the channel.
Earlier biochemical work aimed at locating the active site of
the enzyme showed that decamer stability decreased when
the single cysteine residue in each monomer was replaced
with serine or glycine, thus suggesting that cysteine con-
tributes to the stability of the decamer [32,33]. The crystal
structure reveals that the single cysteine residue is located
in the linker region between the N- and C-terminal
domains. Moreover, the cysteine residues are not close to
each other in the dimer, thus intra- and interdimer disulfide
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Figure 2
The cyanase dimer. (a) Ribbon diagram of the
cyanase dimer. The cyanase monomers are
colored red and green. Secondary structure
elements are labeled H for an α helix and S
for a β strand: helix 1 (H1) consists of
residues 8–24; helix 2 (H2), 29–33; helix 3
(H3), 40–47; helix 4 (H4), 55–64; helix 5
(H5), 69–76; helix 6 (H6), 92–115; strand 1
(S1), 119–134; strand 2 (S2), 140–152. A
prime symbol distinguishes the two
monomers. (b) Stereoview Cα trace of the
cyanase dimer. The colors are as described in
(a) with every 20th residue labeled. (The
figure was generated with Molscript [62] and
rendered with Raster 3D [63].)
N terminus′
N terminus
C terminus
C terminus′
H6′
H2
H3
H4
H5
H1
S1
S1′
H1′
H2′
H3′
H4′
H5′
H6
S2
S1′
S1
S2′
20
40
60
80
100
120
140
176
196
216
236
256
276
296
20
40
60
80
100
120
140
176
196
216
236
256
276
296
(a)
(b)
Structure
bonds are not possible (in the decamer). The sulfur atom of
cysteine has been shown to participate in a variety of inter-
actions in proteins and can provide considerable stability to
the structure [53]. Here the cysteine sulfhydryl group of
one subunit in the dimer hydrogen bonds to the carbonyl
oxygen of Gln102 and to the amide nitrogen of Thr106 in
the twofold-related subunit of the dimer. The latter inter-
action is known to stabilize the tertiary structure of proteins.
Other studies have found that substituting buried cysteines
for residues such as serine or alanine also results in the
mutants being less stable than the wild type [54]. Hence,
the single buried cysteine residue has a structural role,
although no more so than in other proteins. 
Characterization of mutations at the single histidine
residue in each monomer revealed that, although not
required for catalytic activity, it contributes to the stabi-
lization of the decamer. Analysis of the structure shows
His113 to be located close to the beginning of the bent
α helix that makes up part of the cyanase dimerization
domain. This histidine residue is tightly packed within
the monomer subunit but also makes contacts with two
other subunits of the decamer. Steric restraints are proba-
bly the main basis for the observed biochemical data,
which showed that substitution with tyrosine or
asparagine, but not with glycine, valine or leucine, had an
effect on decamer stability [33].
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Figure 3
Cartoon representation of the cyanase
decamer. (a) View looking down the fivefold
axis of the decamer. (b) View perpendicular to
the fivefold axis and looking down the twofold
axis. One cyanase dimer is highlighted using
the same colors and labeling scheme as
described in Figure 2. Ten chloride ions, which
bind at the five active sites of the decamer (see
text), are shown. The chloride ions shown in
black are situated at the active sites to which
the highlighted cyanase dimer contributes; the
remaining bound chloride ions are colored
purple. All other dimers are colored uniformly
with α helices in cyan and β strands in yellow.
(The figure was generated with Molscript [62]
and rendered with Raster 3D [63].)
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Decamer stabilization and catalytic site of cyanase. (a) Location of the
four pairs of salt bridges (indicated by dashed lines) that stabilize the
cyanase decamer. The dimer pairs are color coded: green (subunit
A)/red (subunit D) and orange (subunit B)/yellow (subunit F). The
labeling scheme is as described in Figure 2. The catalytic site of
cyanase showing (b) bound chloride and (c) bound oxalate ions. The
proposed catalytic residues are drawn in ball-and-stick representation
using the same color scheme as in (a). Chloride and oxalate ions are in
ball-and-stick representation colored in black and blue, respectively.
Hydrogen-bond interactions are represented by dashed lines. The
cyanase monomers are labeled by their chain (A, B, D, F), and
secondary structure elements are labeled as described in Figure 2.
(The figure was generated with Molscript [62] and rendered with
Raster 3D [63].)
The dimers in the cyanase decamer are held together
almost exclusively by salt bridges and hydrogen bonds.
Twenty residues from each monomer (40 per dimer) make
van der Waals and/or hydrogen-bonding interactions with
residues in neighboring dimers. Of these 20 residues, 13
are highly conserved, suggesting that all cyanases may
have a decameric structure. A series of salt bridges circle
the equatorial β-sheet belt. As a consequence of the
decamer symmetry, four salt bridges span each dimer in
the decamer. These are formed by Arg81–Asp118 (located
on loops) and Arg96–Glu99 (located on α helices H6 and
H6′). The former salt bridge is spatially located above and
below the equatorial β-sheet belt of the decamer, whereas
the latter are spatially located along it (Figures 3 and 4).
This results in two central, close-paired Arg96–Glu99 salt
bridges, the cumulative interactions of which again resem-
ble a belt-like structure. The Arg81–Asp118 salt bridges
are arranged above and below these in a propeller-like
fashion (Figure 4a). 
As well as being lined with water molecules, the central
cavity of the cyanase decamer binds five sulfate ions through
hydrogen-bonding interactions solely to Arg87 of each
cyanase monomer. Each sulfate ion is bound to a cyanase
dimer and two other monomers on either side of this dimer,
above and below the equatorial β-sheet belt of the decamer.
Thus, the five sulfates are sandwiched between two pen-
tameric arginine ‘rings,’ which interact with each other via
the NH2 groups of their guanidinium sidechains. This
arrangement places the two five-membered sets of arginines
at an average distance of 2.7 Å (Figure 5). The interaction of
the charged oxygens (O–) of the sulfates is in the plane of
the guanidinium group of the arginine, which follows the
expected trend [55]. These negatively charged protein-
bound sulfates provide a stabilizing counter-charge for the
closely interacting positively charged Arg87 guanidinium
sidechains. In addition, each cyanase subunit also binds two
sulfate ions on the solvent-exposed face of the decamer
through hydrogen bonds to the amide nitrogen atoms of
Gly35 and Glu40. However, not all monomers show clear
density for the sulfate bound at Gly35, which is likely to
result from crystal packing. Interestingly, sulfate acts as a
weak inhibitor of cyanase activity [30].
The sequences of the five homologous cyanase sequences
(bacterial and plant) are aligned in Figure 6, showing that
the N-terminal half of the enzyme has much lower sequence
conservation than the C-terminal region. Three regions, cor-
responding to the E. coli cyanase sequence at residues 92–99
(PxxYRxxE; in single-letter amino acid code), 114–124
(ExFGDGIxSAI) and 145–151 (TxxGKxL), show especially
high conservation, suggesting potential functional relevance.
These regions include the Arg96, Glu99, Asp118 and
Arg/Lys81 residues that are involved in the formation of salt
bridges, which probably aid decamer stability. The cyanase
dimer contains extensive intermolecular contacts in the
C-terminal region of the monomer subunit. Other charged
residues that are conserved or partially conserved participate
in intermolecular hydrogen bonds between cyanase dimers
in the homodecamer structure. Arg87, which binds the
sulfate ions in the central cavity of the decamer, is not con-
served; three of the sequences contain valine at this position
and the other contains arginine. This observation suggests
that cyanases from bacteria and plants may be affected dif-
ferently by sulfate ions. 
Location of the catalytic site 
Previous studies have shown that cyanase binds and is
inhibited by a number of monoanion analogs of cyanate or
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Figure 5
Ball-and-stick diagram showing orthogonal views of the five Arg87
cavity-bound sulfate ions in the cyanase decamer. (a) Looking down the
fivefold axis. (b) Perpendicular to the fivefold axis. Residues are labeled
by their sequence number and respective monomer chain, as described
in Figure 4. The bound sulfate ions are labeled as K111–K115, which
follows the assignment in the coordinate file 1DW9 deposited in the
PDB. The arginine residues are colored blue and yellow to highlight the
delineation of the monomers as above and below the equatorial β-sheet
belt formed by the dimer interface domain (see Figure 3). The sulfate
ions are colored by atom type (sulfur, orange; oxygen, red). (The figure
was generated with Molscript [62] and rendered with Raster 3D [63].)
ArgB87ArgI87
ArgA87
ArgH87
ArgE87
K112 K115
K111
ArgA87
ArgD87
ArgB87
ArgF87
ArgE87
ArgG87
ArgH87
ArgC87
ArgI87
ArgJ87
K112
K113
K111
K115
K114
(a)
(b)
Structure
bicarbonate and by dianion analogs of the putative transi-
tion-state intermediate [30]. Azide and chloride competi-
tively inhibit the binding of cyanate, whereas acetate
inhibits the binding of bicarbonate. Divalent anions like
oxalate and malonate competitively inhibit the binding of
both cyanate and bicarbonate. These observations indi-
cate that the catalytic site must be able to accommodate
two potentially negative charges during the reaction (one
from cyanate and the other from bicarbonate).
We have located the catalytic site of cyanase by solving the
crystal structure of cyanase in complex with two different
types of cyanase inhibitor: the dianion oxalate and the
monoanion chloride. X-ray diffraction data were collected
from crystals soaked with either oxalate (C2Na2O4) or chlo-
ride (Tris/HCl). The protein-bound oxalate was located in
electron-density maps using a difference Fourier map cal-
culated using coefficients Foxl – Fc, αc (where Foxl are
structure amplitudes from the C2Na2O4-soaked cyanase
crystals and Fc, αc are the structure factors and calculated
phases from the SeMet-labeled cyanase). A total of five
oxalate ions were observed bound to the cyanase decamer.
The chloride ions were discovered serendipitously in the
catalytic site of the enzyme. Analysis of the electron-
density maps calculated from the SeMet-labeled cyanase
model showed ten water molecules with very low atomic
displacement parameters, and some unaccounted positive
electron density in the same location as the bound
oxalates. These ten water molecules, which are located at
the positions of the ten cis carboxylate oxygens of the five
oxalate ions, were substituted for chloride ions as these
ions were present in the crystallization buffer. The chlo-
ride ions refined to an average displacement parameter
value of 15.8 Å2, which is comparable to the average value
for the protein atoms at the ion-binding site. Therefore,
the structures reveal that five catalytic sites are present in
the decamer, which correlates well with the earlier obser-
vation of half-site binding [30].
Description of the catalytic site
The location of the chloride and oxalate bound to cyanase
reveals the catalytic site of the enzyme. Each of the five
sites is composed of amino acid residues from four sub-
units of two adjacent dimers. Hydrogen-bond interactions
between the chloride and oxalate ions and the protein in
both inhibitor complexes single out Arg96, Glu99 and
Ser122 as the catalytic residues of the enzyme. These
residues are conserved in the five cyanase sequences
shown in Figure 6.
The five catalytic sites are located at the interface of adja-
cent dimers along the equator of the decamer (i.e., along
the belt-like structure formed by the interlocking
β strands of the C-terminal domain). The catalytic cavities
are symmetrical, being bisected by five twofold NCS axes.
Thus, the residues Arg96 and Glu99, from four subunits,
form two interdimer salt bridges that delineate the inner
surface of each catalytic site cavity (Figures 4b,c). The
solvent-facing side of each cavity is flanked by a pair of
serine residues (Ser122) from adjacent dimers. The same
pair of dimers provides two hydrophobic leucine residues
(Leu152) that shield each cavity from solvent. The elec-
tron density for these leucine residues suggest that an
alternative conformation may be present and might
provide a gating mechanism for the substrates and prod-
ucts of the enzymatic reaction. 
Research Article  Structure of cyanase Walsh et al. 511
Figure 6
Alignment of the amino acid sequences for
the five known cyanases. Accession numbers
are given in parentheses. Residues conserved
in all cyanases are in boldface and labeled
with an asterisk, less conserved residues are
labeled with colons and full stops. Arg96,
Glu99, Ser122 (proposed active-site
residues) are shown in red. Secondary
structure assignments were derived using the
Kabsch and Sander DSSP algorithm [64]:
h/H, α helix; t/T, turn; eE, β strand; and S,
bend. The aligned sequences are
Synechocystis PCC6803 (GenBank
accession number Q55367) [29];
Synechococcus PCC7942 (BAA19515)
[28]; Aquifex aeolicus (AACO6548) [25];
E. coli (AAA23629) [8]; and Arabidopsis
thaliana (BAA21660) [32]. 
Synechocystis PCC6803   MAGTEISA-----ITTKLLEAKKAKGITFADLEQLLGRDEVWIAAVIYRQ 45
Synechococcus PCC7942   ----MTSA-----ITEQLLKAKKAKGITFTELEQLLGRDEVWIASVFYRQ 41
Aquifex aeolicus        -MRSDIGR-----LSKYLIERKKNLGLTWEDVSRKLGKSPVYCAMLFYGY 44
Escherichia coli MIQSQINRNIRLDLADAILLSKAKKDLSFAEIADGTGLAEAFVTAALLGQ 50
Arabidopsis thaliana    MEAAKKQS-----VTNQLLAVKSASGKTFSQLAAETGLTNVYVAQLLRRQ 45
               ::  ::  *   . :: ::    *   .: :  :
    SthHHHHHHHHHHHHHHHHhTt hHHHHHhTtSShHHHHHHHHhTt
Synechocystis PCC6803  ASASVDEAEKLLHCL-GLSDDLVPELTAPSVKG-LGPVVPTDPLIYRFYE 93
Synechococcus PCC7942  STASPEEAEKLLTAL-GLDLALADELTTPPVKGCLEPVIPTDPLIYRFYE 90
Aquifex aeolicus  AQADDEEVKAVAELL-NLEEKELAELKDAPYREPQQPVPPTDPFVYRLYE 93
Escherichia coli  QALPADAARLVGAKL-DLDEDSILLLQMIPLRGCIDDRIPTDPTMYRFYE 99
Arabidopsis thaliana  AQLKPDTVPKLKEALPALTDELIGDMMSPPWRS-YDPNLIQEPTIYRLNE 94
      : .  :   *  *       :   . :         :* :**: *
 S  hHHHHHHHHHHhTthHHHHHHHHhB      SSSS  hHHHHHHHHH
Synechocystis PCC6803  IMQVYGMPMKEVIHEKFGDGIMSAIDFTLDIEKEADP-KGDRVKVTMNGK 142
Synechococcus PCC7942  IMQVYGLPLKDVIQEKFGDGIMSAIDFTLDVDKVEDP-KGDRVKVTMCGK 139
Aquifex aeolicus  VVILYGPALKDVAHEMFGDGIMSAIDMSVELEKVEQE-GAERMVLTFNGK 142
Escherichia coli  MLQVYGTTLKALVHEKFGDGIISAINFKLDVKKVADPEGGERAVITLDGK 149
Arabidopsis thaliana  AVMHFGESIKEIINEDFGDGIMSAIDFYCSVDKIKGVDGNNRVVVTLDGK 144
  :  :* .:* : :* *****:***::  .:.*       :*  :*: **
 HHHHHHHHHHHHHHHHhteEEEEEEEEEEEEEEEEeTTteEEEEEEEEEE
Synechocystis PCC6803  FLPYKKW----------------- 149
Synechococcus PCC7942  FLAYKKW----------------- 146
Aquifex aeolicus  WLKYRKF----------------- 149
Escherichia coli  YLPTKPF----------------- 156
Arabidopsis thaliana  YLSHSEQRTENMVSRLNLKGGTSE 168
 :*
 EEEe Structure
The local twofold symmetry of the catalytic site in the
complexes formed with either chloride or oxalate is not dis-
rupted in these structures. In the chloride complex, each
pair of chloride ions bound at the catalytic pocket is related
by the local twofold NCS axis. In the oxalate complex, the
twofold NCS axis bisects the C1–C2 bond in the plane of
the oxalate ion. Thus, in this case, the two cis oxalate
oxygen atoms are positioned in the same sites as the bound
chloride ions and interact with the Oγ atom of Ser122 from
two subunits of the same dimer. The other pair of
cis-related oxygen atoms of the oxalate ion form hydrogen
bonds to Arg96. When either cyanate or bicarbonate binds
to the catalytic site the binding of the other substrate is
predetermined. Once cyanate and bicarbonate are bound
by cyanase, the local NCS symmetry of the catalytic site is
broken. Whether the breakdown of this local symmetry has
a role in the catalytic activity is not clear. The structure
itself provides no mechanism for binding preference of
cyanate or bicarbonate, which is consistent with the kinetic
mechanism of cyanase: rapid equilibrium random with
competitive inhibition by both substrates [29].
Implications for catalytic activity
The structures of the oxalate and chloride complexes
provide the foundation for establishing a detailed under-
standing of the enzyme’s catalytic mechanism. It is likely
that bicarbonate and cyanate take up similar positions to
those of the bound oxalate carboxylates. Thus, it is clear
that Ser122 is important in substrate binding. The nega-
tively charged cyanate and bicarbonate are probably stabi-
lized by the guanidinium group of Arg96. This residue
forms a salt bridge with Glu99, which in turn interacts
directly via a carboxylate oxygen to a tightly bound water
molecule. Protonation of the bound cyanate nitrogen by an
activated water molecule bound to Glu99 is probable.
Thus, the cyanate carbon atom becomes more electrophilic,
and a nucleophilic attack by the bicarbonate carboxylate
oxygen results in the formation of the proposed dianion
intermediate [5]. This intermediate then decarboxylates to
CO2 and carbamate. The structure of the catalytic site sug-
gests that ‘on-the-enzyme’ decarboxylation of the dianion is
likely, as opposed to dissociation and subsequent nonenzy-
matic decarboxylation [5]. Site-directed mutagenesis of
these residues is required to unequivocally unravel the roles
of the catalytic site residues. These studies are now in
progress and will be published elsewhere.
The structure of cyanase shows the active site to be made
up of two side-by-side dimers. All four subunits of these
two dimers contribute to the active site of the enzyme,
which is located on the twofold NCS axis that relates the
two sets of dimers. The arrangement of the dimers into a
pentamer of dimers to form a decameric structure is neces-
sary to provide a solid scaffold, via a series of salt bridges,
to hold the dimers forming the catalytic sites together. A
consequence of the active site of the enzyme being
located at a dimer–dimer interface is the observed appar-
ent half-site binding of bicarbonate and substrate analogs
and the requirement of a decamer for activity; the
decamer gives rise to five catalytic sites. 
Biological implications
Living organisms have developed effective mechanisms to
convert some toxic chemicals into a source of nutrients.
Cyanate occurs in the environment at concentrations as
high as 1 mM, for example, as the result of the photo-oxi-
dation of cyanide. Cyanate can be fairly toxic in the cell.
The toxicity arises from its reactivity with nucleophilic
groups in proteins. Some bacteria and plants can metabo-
lize cyanate. An inducible enzyme, cyanase, is responsi-
ble for detoxifying cyanate and/or utilizing cyanate as a
sole source of nitrogen. Cyanase catalyzes the reaction of
cyanate with bicarbonate to produce ammonia and
carbon dioxide. Cyanate metabolism is closely related to
bicarbonate/CO2 metabolism with one major distinction:
in contrast to carbon dioxide metabolism the reaction of
cyanate with amino groups is irreversible. 
We report here the first crystal structure of an enzyme
with cyanase activity. Cyanase is active only as a
decamer having 5/2 symmetry and is structurally
complex. To date, there are limited examples of proteins
with such symmetry. The decamer is composed of five
inactive dimers, each of which shows an architecture
similar to bacterial transcriptional regulators. The two
monomers of each dimer are intertwined, presenting a
unique fold at the dimer interface. The N-terminal
domain of cyanase shows high structural homology to the
DNA-binding α-helix bundle motif, and is not involved in
catalysis. The interface between dimers forms a set of five
symmetrically disposed active sites. These sites embody a
unique set of amino acid residues that can bind and carry
out the reaction between cyanate and bicarbonate. In
addition to binding substrate and cofactor, cyanase can
specifically accommodate a number of small monoions
and dianions in its active site; these anions inhibit
cyanase activity. Specific binding of anions to the protein
does not require metal ions or other cofactors. 
The structure of cyanase suggests that protein oligomer-
ization might represent an alternative mechanism (in
addition to others, such as gene duplication) to create
new functionalities on protein interfaces from a pool of
existing proteins. Adaptation of the apparent DNA-
binding motif into a decamer that allows the formation of
an anion-binding site provides an example of the versatil-
ity of protein surface functionality.
Materials and methods
Preparation and crystallization of SeMet-labeled protein
SeMet-labeled protein was prepared by suppressing the biosynthesis
of methionine in E. coli as described elsewhere [38]. Purification was
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carried out as previously described, but using de-aerated buffers
containing 2 mM dithiothreitol (DTT) [8]. Crystals were grown by the
sitting-drop method of vapor diffusion from 2.1 M ammonium sulfate
solutions buffered with 50 mM NaKPO4 (pH 7.3), and in the pres-
ence of 50 mM Tris/HCl (pH 7.3) [35]. Large sitting drops
(50–100 µl) were microseeded at 18°C with wild-type crystals 
that produced SeMet crystals that grew to dimensions of
0.1 × 0.2 × 0.7 mm3 over five to seven days. The crystals are triclinic
with unit-cell dimensions of a = 76.3 Å, b = 81.0 Å, c = 82.3 Å,
α = 70.3°, β = 72.2°, γ = 66.4° (Table 1), and contain one cyanase
homodecamer in the asymmetric unit, giving a Vm of 2.53 Å3/Da and
a solvent content of 51%. Prior to data collection, the crystals were
flash frozen in liquid nitrogen using stabilizing solution containing
25% galactose as cryoprotectant. 
Data collection and reduction
All X-ray diffraction data were collected at 100K at the Structural
Biology Center’s undulator beamline 19ID at the Advanced Photon
Source using a 3 × 3 mosaic CCD detector developed at Argonne
National Laboratory [56]. A four-wavelength MAD experiment was per-
formed at or near the K-absorption edge of selenium using data col-
lected from a single SeMet-labeled cyanase crystal. The four
wavelengths were selected on the basis of an X-ray fluorescence
spectrum collected directly from the crystal, which was analyzed by
the program CHOOCH [57]. This gave the absorption peak at
0.9793 Å and inflection point at 0.9795 Å; two remote data sets at
1.0781 Å and 0.9465 Å were chosen to obtain dispersive differences.
Each wavelength data set was collected in a single pass using a 1°
oscillation with a 3 s exposure. The four data sets were collected in
the order peak, inflection, low wavelength and high wavelength
remotes. A total of 360° of data were collected at each wavelength to
a resolution of 2.4 Å (Table 1). After the MAD experiment, an unex-
posed region of the crystal was translated into the X-ray beam and a
high resolution data set (1.65 Å) collected using a wavelength of
1.0332 Å. X-ray diffraction data to 1.65 Å resolution were collected in
a similar manner from separate crystals (SeMet) soaked for 4 h in
5 mM sodium oxalate. All data were integrated and scaled using the
HKL2000 suite [58].
MAD phasing
An initial search found 30 of the 40 selenium sites of the cyanase
homodecamer using the Patterson heavy-atom search method imple-
mented in the program suite Crystallography and NMR System [40].
The anomalous and dispersive diffraction ratios are shown in Table 1.
These sites were refined with the program MLPHARE [46], giving a
figure of merit of 0.8 and a clearly interpretable map. After solvent flat-
tening and histogram matching with the program DM [47], along with
phase extension against the data collected to 1.65 Å, the resulting map
was of excellent quality (Figure 1). A summary of the phasing statistics
is listed in Table 1. 
Automatic model building and refinement
Automatic model building was performed with the program
ARP/wARP 5.0 [48] using the phases output from DM at 1.65 Å. The
warpNtrace procedure within ARP/wARP 5.0 produced a complete
trace of the polypeptide chains of all ten subunits. In addition, it
modeled over 70% of the amino acid sidechains into the electron
density. A full description of the warpNtrace procedure is described
elsewhere [48]. The remaining parts of the structure were built manu-
ally in the program O [59]. The resultant model was then refined with
the program REFMAC [49] using data in the resolution range
20 Å–1.65 Å. The progress of the refinement was monitored using
cross-validation with a 3% randomly selected set of reflections
(9436). Water molecules were added with the program ARP [60],
which was run in conjunction with REFMAC. The final electron-density
maps were of excellent quality, with all atoms of the model placed in
interpretable density. In addition, a number of sidechains with alterna-
tive conformations were seen in the model. The final refinement statis-
tics are shown in Table 2.
Accession numbers
Atomic coordinates and structure factors have been deposited in the
PDB with ID codes 1DW9 and 1DWK for cyanase with chloride and
oxalate bound, respectively. 
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